PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 : 

A61B 17/22, A61M 29/00, A61B 5/00 



Al 



(11) International Publication Number: WO 99/40853 

(43) International Publication Date: 19 August 1999 (19.08.99) 



(21) International Application Number: PCT/US98/02672 

(22) International Filing Date: 13 February 1998 (13.02.98) 



(71) Applicant (for all designated States except US): LUMEND, 
INC. [US/US]; 173 Jefferson Drive, Menlo Park, CA 94025 
(US). 

(71)(72) Applicants and Inventors: SELMON, Matthew, R. 
[US/US]; 675 Mountain House Road, Woodside, CA 94062 
(US). HANSEN, Gerald [US/US]; 35208 Preston Place, 
Newark, CA 94062 (US). MiLO, Charles, F. [US/US]; 
32407 Monterey Drive, Union City, CA 94587 (US). 

(74) Agents: ENG, U M P., Peter et al.; Wilson Sonsini Goodrich 
& Rosati, 650 Page Mill Road, Palo Alto, CA 94304^1050 
(US). 



(81) Designated States: AL, AM, AT, AU, AZ, BA, BB, BG, BR, 
BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, FT, GB, GE, 
GH, GM, GW, HU, ID, IL, IS, JP, KE, KG, KP, KR, KZ, 
LC, LK, LR, LS, LT, LU, LV, MD, MG, MK, MN, MW, 
MX, NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, 
TJ, TM, TR, TT, UA, UG, US, UZ, VN, YU, ZW, ARIPO 
patent (GH, GM, KE, LS, MW, SD, SZ, UG, ZW), Eurasian 
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European 
patent (AT, BE, CH, DE, DK, ES, FI, FR, GB, GR, IE, IT, 
LU, MC, NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, 
CM, GA, GN, ML, MR, NE, SN, TD, TG). 



Published 

With international search report. 



(54) Tide: INTRAVASCULAR CATHETER SYSTEM FOR TREATING A VASCULAR OCCLUSION 

40 




(57) Abstract 

Disclosed herein is an intravascular catheter system for crossing a severe or total arterial occlusion; particularly, a steerable intravascular 
catheter providing a working element and the optical guidance thereof in crossing an occlusion. Also disclosed is a method of crossing a 
severe or total arterial occlusion with a steerable catheter working element under optical guidance. 



FOR THE PURPOSES OF INFORMATION ONLY 
Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Aimenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina . 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


zw 


Zimbabwe 


CI 


C6te d'lvoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






CU 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







Intravascular Catheter System for Treating a Vascular Occlusion 

Background of the Invention; 

Field of the Invention: 

This invention relates generally to medical devices and especially 
intravascular catheters designed to operate on occlusions within an artery. More 
particularly, this invention relates to intravascular catheters able to operate on an 
obstruction within an artery even if that obstruction forms a total occlusion of 
the artery passageway. 

Background; 

Medical science has long sought effective treatments for disease 
conditions involving stenosis (narrowing or obstruction) of the lumen (interior 
passage) of an artery. This condition, known generally as an occlusion, is found 
in patients suffering from atherosclerosis (accumulation of fibrous, fatty or 
calcified tissue in the arteries). An occlusion can manifest itself in hypertension 
(high blood pressure), ischemia (deficiency of circulation), angina (chest pain), 
myocardial infarction (heart attack), stroke, or death. An occlusion may be 
partial or total, may be soft and pliable or hard and calcified, and may be found 
at a great variety of sites in the arterial system including the aorta, the coronary 
and carotid arteries, and peripheral arteries. 

Of particular interest to cardiac medicine are the often disabling or fatal 
occlusions occurring in the coronary arteries (arteries supplying the heart). 
Traditionally, coronary artery occlusions have been treated by performing 
coronary bypass surgery, in which a segment of the patients saphenous vein is 
taken from the patient's leg and is grafted onto the affected artery at points 
proximal (upstream) and distal (downstream) to the occluded segment. The 
bypass often provides dramatic relief However, it entails dangerous open chest 
surgery and a long, painful, costly convalescence in the hospital. Moreover, 
with the passage of time, the bypass patient's saphenous vein graft can also 
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become occluded. If the patient has another saphenous vein, a second bypass 
procedure may be performed, once again entailing open chest surgery and 
prolonged hospitalization. Thereafter, if the underlying atherosclerotic disease 
process is not controlled, the prognosis is dismal. 

Newer, minimally invasive procedures are now preferred in the 
treatment of arterial occlusions. These procedures use a catheter, a long, thin, 
highly flexible device which is introduced into a major artery through a small 
arterial puncture made in the groin, upper arm, or neck and is advanced and 
steered into the site of the stenosis. At the distal end of the catheter, a great 
variety of miniature devices have been developed for operating upon the 
stenosed artery. 

The more popular minimally invasive procedures include percutaneous 
transluminal coronary angioplasty (PTCA), directional coronary atherectomy 
(DCA), and stenting. PTCA employs a balloon to mechanically dilate the 
stenosis. In PTCA, a steerable guidewire is introduced and advanced under 
fluoroscopic observation into the stenosed artery and past the stenosis. Next, a 
balloon-tipped catheter is advanced over the guidewire until it is positioned 
across the stenosed segment. The balloon is then inflated, separating or 
fracturing the atheroma (stenosed tissue). The hoped-for outcome is that, over 
time, the lumen will stay open. 

In directional coronary atherectomy, a catheter containing a cutter 
housed in its distal end is advanced over the guidewire into the stenosed 
segment. The housing is urged against the atheroma by the inflation of a 
balloon, so that part of the atheroma intrudes through a window in the side of 
the housing. Under fluoroscopic observation, the cutter is used to shave away 
the atheroma. The shavings are collected in the nosecone of the housing and 
withdrawn along with the catheter. 

Stenting is a procedure in which a wire framework, known as a stent, is 
compressed and delivered a balloon catheter. The stent is positioned across the 
stenosed segment of the artery. The balloon is inflated, dilating the stent and 
forcing the stent against the artery wall. The hoped-for outcome is that the stent 
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will hold the arterial lumen open for a prolonged period. Frequently, a stent is 
placed in an artery immediately following PTCA or DCA. 

It must be noted, however, that the aforementioned catheters are "over- 
the-wire 

catheters." These catheters depend on the guidewire, which typically has a tiny 
bent portion at its distal end for steering. Over-the-wire catheters cannot be 
positioned adjacent the stenosis until the guidewire has been advanced across 
the stenosed arterial segment Thus, where the occlusion is too severe to be 
crossed by a guidewire or where there is not enough room for the balloon, 
cutter, or stent delivery catheter, neither PTCA nor DCA nor stenting can be 
done. Unfortunately, the occlusion often contains extremely hard, calcified 
tissue and presents an impenetrable barrier to the guidewire. Even a less than 
total occlusion may contain complex structures which divert or trap the steering 
end of the guidewire. Thus, the guidewire might not completely cross the 
occlusion, but become diverted into the subintimal space between the intima 
and the atheroma or become buried in the atheroma. In either case, the 
guidewire cannot be positioned across the stenosis to guide a balloon or cutting 
element In such cases, bypass surgery may be necessary with the associated 
cost, risks, and recovery period. 

Thus, in patients suffering from severe or total arterial occlusion, it is 
preferable to do what has been difficult or impossible in the past: to open the 
severely or totally occluded artery itself, rather than by performing a bypass. If 
a guidewire and working catheter can be passed through or around the atheroma, 
the severe or total occlusion can be treated by PTCA, DCA, stenting, site- 
specific drug delivery or a combination of these proven therapies. 

It would be advantageous to find and open a path of low resistance, 
either through or around the atheroma. Of course, this must be done without 
perforating the arterial wall. Clearly, the serious consequences of penetrating 
the arterial wall must be avoided at all costs. The physician will not use a 
system which would be unsafe and no patient would want a physician to use 
such a system. Therefore, any solution to the problem of finding and creating an 

-3- 



SUBSTITUTE SHEET (RULE 26) 



WO 99/40853 



PCT/US98/02672 



opening through or around the atheroma must be safe and, in many instances, 
must include a system of guidance for the device that would find and open such 
an occlusion. 

There has been a long felt need to provide a reliable guidance system for 
5 such a device. As understood by those in the art, the device must traverse a 

criss-crossing, often maze-like structure before it even reaches the occlusion. 

Then the occlusion itself is often a maze like structure. Attempting to cross such 

an occlusion without reliable guidance is dangerous. For example, it is easy to 

dissect the tissues of the arterial wall instead of the occlusion, thereby creating a 
1 o false lumen and possibly perforating the artery. If blood escapes the artery and 

accumulates in the pericardial space, it will compress the heart, requiring 

emergency intervention to avert heart failure and death. 

One guidance system which has been used in conjunction with coronary 

catheterization is biplane fluoroscopy, wherein the interventionist observes two 
15 flat real-time x-ray images acquired from different angles. Biplane fluoroscopy, 

however, is unreliable, costly, and slow. Delay is unacceptable, for it contributes 

to trauma and stress and creates opportunities for complications and failures of 

technique. 

Recently, promising optical systems have been disclosed for imaging an 
20 occlusion through a catheter placed in the artery. One such system is Optical 

Coherence Tomography (OCT). In OCT, a beam of light carried by an optical 
fiber illuminates the artery interior. In a radar-like manner, light reflected back 
into the fiber from features inside the artery is correlated with the emitted light 
to capture the depth as well as the angular separation of those features. The 
25 features are displayed graphically in two or three dimensions through the use of 

a suitably programmed computer. 

The beam in OCT is swept by mechanical rotation or movement of 
optical components in the catheter, or by optical switching devices which select 
one of several fibers through which to perform measurements. The rotation is 
30 encoded, or the switching pattern recorded, to reconstruct angular information 

about the artery interior. For example, a beam splitter may be placed between 
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the light source and the catheter fiber to produce a reference beam which is 
directed to a reflector at a known distance. The catheter beam and the 
reference beam are recombined as they return. When the paths traveled by 
the two beams are of equal optical length, interference fringes are observable in 
the combined beam. Since the lengths of the reference path and the catheter 
fiber are known, the distance from the fiber end to a particular reflective feature 
within the artery can be inferred. In OCT and related methods, signals may also 
be impressed upon the light beam to facilitate the measurement of distance or 
the detection of motion of objects relative to the fiber end. By means of OCT or 
other similar optical methods, imaging capability can be incorporated into an 
intravascular catheter or guidewire. 

However, while superior imagery alone is of diagnostic interest, 
effective intervention for severe occlusive arterial disease is what is truly 
desired. What is needed is an intravascular catheter system for the effective 
treatment of the severely occluded artery and, in particular, the totally occluded 
artery, providing a combination of optical guidance and therapeutic intervention. 
What is especially needed is such an intravascular catheter system which allows 
the physician to effectively guide a working element of a catheter through a 
severe or total arterial occlusion with the benefit of an optical image obtained 
from within the artery. 

SITMMARV OF THE INVENTION 

It is an object of this invention to provide an intravascular catheter 
system for the effective treatment of the occluded artery. It is a corollary aspect 
of this invention to provide such an intravascular catheter system for treating the 
severely or totally occluded artery. 

It is an additional object of this invention to provide an intravascular 
catheter system for guiding a working element in crossing a severe or total 
occlusion of an artery. 
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It is an additional object of this invention to provide an intravascular 
catheter system including optical imaging of an arterial occlusion during 
guidance of the working element into and across a chosen part of the occlusion. 
In accordance with the above objects and those that will be mentioned 
5 and will become apparent below, an intravascular catheter system for the 

effective treatment of occlusions within an artery is provided which comprises: 

an elongated flexible catheter shaft including a proximal end having a 
proximal end zone, a distal end having a distal end zone, and multiple lurnina 
between the proximal and distal ends; 
1 o a steering apparatus disposed within the catheter shaft for steering the 

catheter shaft; 

an imaging member located at the distal end of the catheter shaft for 
acquiring an image of the artery interior proximate the distal end; and 

a therapeutic element located at the distal end zone for treating the 
15 occlusion, 

whereby the therapeutic element is manipulable at the occlusion while 
the occlusion is imaged 

In addition, in accordance with the above objects and those that will be 
mentioned and will become apparent below, a method for the treatment of an 
20 occlusion within the artery is provided which comprises the steps of: 

providing a multilumen catheter shaft having a distal end including an 
imaging apparatus, a steering apparatus, and a working element, the working 
element, steering apparatus and imaging apparatus being operative through the 
catheter shaft; 

25 inserting the catheter shaft into the arterial system through a puncture in 

an artery; 

advancing the distal end of the catheter shaft to the proximity of an 
occlusion within an artery; 

manipulating the steering shaft and catheter shaft to direct the imaging 
30 member to the occlusion within the artery; 
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imaging the occlusion through the imaging member while manipulating 
the steering apparatus, catheter shaft to direct the working element to a desired 
portion of the occlusion; 

operating the working element to create an opening through the 
occlusion within the artery true lumen; and 

' inserting a guidewire through the occlusion. 

The physician, having effectively opened a path across the occlusion 
using the apparatus and method of the instant invention, is now free to use a 
method of choice to treat the occlusion. For example, the physician may 
perform DCA or PTCA, install a stent, or use other techniques as appropriate. 

The intravascular catheter system of the present invention provides a 
steering apparatus, imaging member and therapeutic element within a 
multilumen catheter shaft. In one embodiment of the intravascular catheter 
system, a rotatable imaging shaft is disposed within the catheter shaft. The 
imaging shaft contains an optical fiber which is connected to external optical 
instruments. At the distal end of the imaging shaft, the optical fiber conducts 
light from the instruments to illuminate the environment inside the artery and 
receives optical radiation returned from the environment The imaging shaft is 
turned by an external motor-encoder which also measures the rotation of the 
shaft. As the imaging shaft rotates, the optical beam sweeps circumferentially 
about the longitudinal axis of the imaging shaft at a fixed angle from the 
longitudinal axis of the imaging shaft, illuminating different portions of the 
environment within the artery. The instruments correlate the emitted and 
received optical data with the rotational data to display an image of the interior 
of the artery. 

In another exemplary, a steering apparatus is disposed within the 
catheter shaft and includes at least one wire attached at the distal end of the 
catheter shaft or of a steering shaft disposed in a lumen of the catheter shaft. 
When the wire is pulled, the distal end of the catheter shaft or steering shaft or 
both, as the case may be, is urged in the desired direction. 

-7- 



SUBSTITUTE SHEET (RULE 26) 



WO 99/40853 



PCT/US98/02672 



In another exemplary, an occlusion crossing wire is also disposed within 
the catheter shaft The distal end of the crossing wire is advanced into the 
occlusion by pressure applied to the proximal end of the crossing wire, or by 
advancing the catheter shaft, or both. 

5 In the operation of this embodiment of the intravascular catheter system, 

the physician introduces the catheter shaft over a previously introduced 
guidewire and positions the distal end of the catheter shaft proximate the 
occlusion. The physician observes the image generated by the instruments and 
selects a path for crossing the occlusion. The physician then steers the distal 

1 0 end of the intravascular catheter system by manipulating the steering apparatus, 

and operates the working element to cross the occlusion. It is an advantage of 
this embodiment of the intravascular catheter system that an image is acquired 
through as few as one optical fiber. 

In another exemplary embodiment of the intravascular catheter system, 

15 an alternative imaging member is provided. In this embodiment, a plurality of 

optical fibers are disposed in an imaging shaft within the catheter shaft or 
disposed in the catheter shaft itself. At the distal end of the imaging shaft (or 
catheter shaft, as the case may be), the optical fibers conduct optical radiation 
from the instruments to illuminate the environment inside the artery and receive 

20 optical radiation returned from the environment. In conjunction with the 

external instruments, an optical switching device selectively connects the fibers 
to the external instruments and the optical data sampled from the different fibers 
are combined to generate and display an image of the artery interior. It is an 
advantage of this embodiment that there is no need for an external 

25 motor-encoder to drive the imaging shaft with respect to the catheter shaft 

In other exemplary embodiments in accordance with the invention, a 
balloon is disposed on the outer surface of the distal end zone of the catheter 
shaft. It is an advantage of these embodiments that, by inflating the balloon, the 
intravascular catheter system can be stabilized relative to the artery and 

30 occlusion while the steering apparatus and working element are manipulated 

and the imaging member provides images to the physician. 
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In the exemplary embodiments of the intravascular catheter system, at 
least one lumen communicating with the distal end zone of the catheter shaft is 
usable to irrigate the arterial lumen. It is an advantage of these embodiments 
that the fluid occupying the lumen may be flushed to minimize scattering of 
optical radiation by blood cells. 

In the above or alternative embodiments of the intravascular catheter 
system, the working element includes a number of opening members projecting 
from the distal end of the catheter shaft. The opening members are brought into 
contact with the occlusion and are operated mechanically by sliding one or more 
shafts disposed within the catheter shaft, whereupon the tissues of the occlusion 
arc urged apart. It is an advantage of these embodiments that the tissues of the 
occlusion may be blunt-dissected, separated, or fractured without relying on a 
cutter or ablation device. 

The intravascular catheter system may take various forms comprising 
some of the above embodiments. For example, the steering apparatus may 
comprise one or more removable steering shafts disposed within one or more 
lumina of the catheter shaft or, alternatively, may comprise one or more pulling 
wires disposed in lumina of the catheter shaft. It is an advantage of a steering 
shaft or shafts that the steering apparatus can conveniently be introduced into 
the catheter shaft or interchanged with other apparatus at any time it becomes 
desirable to do so. 

In another exemplary embodiment, the imaging member comprises an 
imaging shaft disposed in a lumen of the catheter shaft or it may alternatively 
comprise one or more optical fibers disposed in lumina of the catheter shaft. As 
an additional exemplary embodiment, the imaging member and steering 
apparatus may be disposed together in a shaft which is introduced into a lumen 
of the catheter shaft and which itself has a lumen for accommodating an 
occlusion crossing wire or guidewire. It is an advantage of this exemplary 
embodiment that the imaging member is steered along with the occlusion 
crossing wire or guidewire close to the point of impingement upon the 
occlusion. 
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In another exemplary embodiment, the imaging member conducts 
optical radiation at wavelengths outside the visible spectrum and comprises 
optical radiation directing paths other than optical fibers. The optical 
instruments employed in connection with the imaging member may embody a 
great variety of technologies for extracting information about the environment 
of the distal end of the intravascular catheter system, including but not limited to 
the distance, size, shape, orientation, color, fluorescence, motion, composition, 
metabolism, and the like of objects or tissues. 

In another exemplary embodiment, the working element comprises a 
wide variety of mechanical, thermal, optical, ultrasonic or chemical working 
elements for crossing the occlusion or delivering a medicament. 

Brief Description of the Drawing 

For a further understanding of the objects and advantages of the present 
invention, reference should be had to the following detailed description, taken in 
conjunction with the accompanying drawings, in which like parts are given like 
reference numerals and wherein: 

Fig. 1 is a perspective of a first embodiment of the intravascular catheter 
system including a rotating imaging shaft, the distal end of the system being 
positioned proximate an occlusion within an artery. 

Fig. 2 is a front sectional view of the first exemplary embodiment of the 
intravascular catheter system. 

Fig. 3 is a side sectional view of the first exemplary embodiment of the 
intravascular catheter system. 

Fig. 4 is a side sectional view of the proximal end zone of the first 
exemplary embodiment of the intravascular catheter system showing the 
catheter shaft with shaft motor-encoder assembly and rotating connector. 

Fig. 5 is a side sectional view of a preferred embodiment of the 
intravascular catheter system showing the catheter shaft including a balloon and 
an irrigation lumen. 
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Fig. 6 is a perspective of a second exemplary embodiment of the 
intravascular catheter system including a plurality of optical fibers disposed in 
an imaging shaft, the distal end of the system positioned proximate an occlusion 
within an artery. 

Fig. 7 is a front sectional view of the second exemplary embodiment of 
the intravascular catheter system. 

Fig. 8 is a side sectional view of the second exemplary embodiment of 
the intravascular catheter system in a plane containing points 8-8 shown in Fig. 
7. 

Fig. 9 is a side sectional view of the second exemplary embodiment of 
the intravascular catheter system in a plane containing points 9-9 shown in Fig. 
7. 

Fig. 10 is a front sectional view of an alternate configuration of the 
second exemplary embodiment of the intravascular catheter system. 

Fig. 1 1 is a side sectional view of the alternate configuration of the 
second exemplary embodiment in a plane containing points 1 1 - 1 1 in Fig. 10. 

Fig. 12 is a front sectional view of a third exemplary embodiment of the 
intravascular catheter system. 

Fig. 13 is a side sectional view of the third exemplary embodiment in a 
plane containing points 13 - 13 in Fig. 12. 

Fig. 14 is a front sectional view of an alternative configuration of the 
third exemplary embodiment of the intravascular catheter system. 

Fig. 15 is a side sectional view of the alternative configuration of the 
third exemplary embodiment in a plane containing points 1 5 - 1 5 in Fig. 14. 

Fig. 16 is a side sectional view of the alternative configuration of the 
third exemplary embodiment in a plane containing points 1 6 - 16 in Fig. 14. 

Fig. 17 is a front sectional view of a fourth exemplary embodiment of 
the invention showing a catheter shaft including four separate lumina. 

Fig. 18 is a perspective of the working element for a fifth exemplary 
embodiment of the intravascular catheter system including a plurality of opening 
members. 
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Fig. 19 is a front sectional view of the treatment shaft portion of the 
working element for the fifth exemplary embodiment of the intravascular 
system. 

5 Prtaite4 Pe$ciiptioft ftf the Invention 

The invention will now be described with respect to the drawings, 
wherein Fig. 1 illustrates an exemplary embodiment of the intravascular catheter 
system shown generally by the numeral 40 positioned near an occlusion 34 in 
the lumen 32 of an artery 30. The intravascular catheter system 40 includes a 

10 combination, within a catheter shaft 50, of a working element 100 for crossing 

the occlusion, a steering apparatus 1 50 for guiding the working element to a 
selected part of the occlusion and an imaging member 200 for imaging the 
arterial wall and occlusion while guiding and operating the working element 
With particular reference to Fig. 1 , there is shown the intravascular 

1 5 catheter system which includes an elongated flexible intravascular catheter shaft 

50. The proximal end 52 and end zone 54 of the catheter shaft 50 typically 
remain outside the patient's body and are adapted for convenient connection to 
external equipment External equipment may include, generally, handles, 
torquers, plungers, fluid systems, optical and electrical instruments, and rotating 

20 shafts. Running substantially the length of the catheter shaft are a plurality of 

passages called lumina 56 (plural of "lumen") for the disposition, introduction 
or control of the working element, the steering apparatus, and the imaging 
member. At the proximal end of the catheter shaft or close to the proximal end 
(i.e., in the proximal end zone), the lumina originate in orifices permitting the 

25 working element, steering apparatus and imaging member to be connected to 

external equipment At the distal end 62 of the catheter shaft or close to the 
distal end (i.e., in the distal end zone 64), the lumina terminate in orifices 66 
allowing the working element and imaging member access to the surrounding 
environment within the artery and also allowing the introduction of fluids if 

30 desired. Multilumen or single lumen catheters are disclosed in U.S. Patents 
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Nos. <N,NNN,NNN (PTCA) N,NNN,NNN (DCA),> the entire specifications of 
which are incorporated herein by reference. 

Referring again to Fig. 1, there is shown a steering apparatus 150 
disposed within the catheter shaft for guiding the working element and imaging 
member within the artery. Referring now to Fig. 2, the steering apparatus 
comprises at least one pulling wire 156 disposed in at least one lumen 56 of the 
catheter shaft. Referring to Fig. 3, the pulling wire has a proximal end 158 
manipulable from the proximal end of the catheter shaft and a distal end 160 
fixed in the distal end zone 64 of the catheter shaft at some radius from the 
longitudinal axis thereof, so that, when pulled, the wire urges or bends the distal 
end of the catheter shaft radially (i.e., deviating from the longitudinal axis of the 
steering shaft). In operation, the pulling wire or wires are manipulated, singly 
or in combination, to steer the distal end or end zone of the catheter shaft within 
the artery and thus to steer the working element and imaging member. 

Referring back to Fig. 1, the intravascular catheter system comprises an 
imaging member 200 disposed in the catheter shaft 50. The imaging member 
comprises an elongated, flexible imaging shaft 202 rotatably disposed in a 
lumen of the catheter shaft. Referring now to Figs. 3 and 4, a hollow shaft 
motor-encoder 204 is connected to the proximal end zone 206 (i.e., near the 
proximal end) of the imaging shaft. At least one optical fiber 208 is disposed 
within a lumen 210 of the imaging shaft. The optical fiber has a proximal end 
212 optically connectable to external instruments 2 14 through a rotating 
connector 215 and a distal end 216 optically communicating with the 
environment of the distal end 64 of the catheter shaft. The distal end of the 
optical fiber is polished to such an angle, and is so disposed at the distal end 
zone of the intravascular catheter system, that an optical beam 218 emitted from 
the distal end of the optical fiber is directed at an angle 0 with respect to the 
longitudinal axis of the intravascular catheter system. 

In operation, the external instruments emit optical radiation into the 
proximal end of the optical fiber. The optical radiation emerges from the distal 
end of the optical fiber and illuminates a portion of the environment of the distal 
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end zone of the catheter system. Optical radiation returned from the 
environment, incident upon the distal end of the optical fiber, is directed back to 
the external instruments where it is detected. The motor-encoder imparts 
rotation to the imaging shaft and measures that rotation, such that the optical 
beam sweeps out a circumferential angle about the longitudinal axis of the 
imaging shaft. The external instruments correlate the optical and rotational data 
to generate and display an image of the arterial wall or occlusion. The image 
may be in one, two, or three dimensions and is typically generated by an 
appropriately programmed general purpose computer which is interfaced with 
the optical instruments and the motor-encoder. The image may be generated 
through any of a variety of techniques known in the art U.S. Patents Nos. 
5,321,501 and 5,459,570 are incorporated herein by reference for their teachings 
about the emission, modulation, direction, detection, and processing of optical 
radiation to characterize, measure, or image bodily tissues. 

Referring again to Fig. 1, the working element 100 of the intravascular 
catheter system comprises a crossing wire 102 for crossing the occlusion. 
Referring now to Figs. 2 and 3, the crossing wire has a distal end 104 disposed 
in the distal end zone 64 of the catheter shaft 50. The distal end of the crossing 
wire is capable of projecting from the distal end of the intravascular catheter 
system to contact the occlusion. The proximal end 106 of the crossing wire is 
manipulable from the proximal end of the catheter system. In operation, 
pressure is applied to the proximal end of the crossing wire, urging the crossing 
wire into the occlusion to establish a pathway. 

In the treatment of an occlusion using the embodiment of Fig. 1, a 
puncture is made in a major artery such as, for example, the femoral artery, in a 
manner typical for intravascular catheterization. Using standard fluoroscopic 
technique, a guidewire is introduced through the puncture and is advanced and 
steered to the region of the artery proximal to the stenosis. Before the catheter 
shaft is inserted into the artery, the proximal end of the guidewire is introduced 
into the distal orifice of a lumen of the catheter shaft. The catheter shaft 
containing the imaging member, steering apparatus and working element is 
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advanced over the guidewire until the distal end of the catheter shaft reaches the 
segment of the artery proximal to the occlusion. The external instruments and 
motor-encoder are activated. While observing the image of the artery 
interior, the physician selects a path for crossing the occlusion, steers the 
5 working element by manipulating the pulling wire of the steering apparatus, and 

urges the occlusion crossing wire into the occlusion. By observing the progress 
of the working element or its effect upon the occlusion and the artery wall, the 
physician is able to alter or reselect the path for crossing the occlusion and, 
thereby, to effectively guide the crossing wire across the occlusion. 

1 o Referring again to Fig. 1 , a preferred embodiment of the intravascular 

catheter system is shown which comprises at least one balloon 70 disposed at 
the distal end zone 64 of the catheter shaft 50. Referring now to Fig. 5, the 
balloon communicates with the distal orifice of at least one balloon inflation 
lumen 72 of the catheter shaft. The proximal orifice of the balloon inflation 

1 5 lumen communicates with a fluid delivery system at the proximal end of the 

catheter system. In operation, fluid is introduced through the balloon inflation 
lumen to inflate the balloon, stabilizing the end zone of the catheter shaft within 
the artery. 

Again referring to Fig. 5, the catheter shaft preferably comprises at least 
20 one irrigation lumen 74. The irrigation lumen has a distal orifice located on the 

outer surface of the distal end zone 64 of the catheter shaft and communicates 
with the interior of the artery. In embodiments comprising a balloon for 
stabilizing the distal end zone of the catheter shaft, the distal orifice of the 
irrigation lumen communicates with the space distal to the balloon. The 
25 irrigation lumen has a proximal orifice, located in the proximal end zone of the 

catheter shaft, communicating with a fluid delivery system. In operation, fluid 
is introduced and/or removed via the irrigation lumen to clarify an image by 
removing blood or debris, to establish a fluid current, to apply a medicament, or 
to withdraw a sample of fluid or tissue as may be desired by the physician. 
30 Referring now to Fig. 6, a second exemplary embodiment of the 

invention is shown in which the imaging member comprises an elongated, 
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flexible imaging shaft 230 disposed in a lumen 56 of the catheter shaft. 
Referring now to Figs. 6, 7, 8, and 9, a plurality of optical fibers 232 are 
disposed annularly in the imaging shaft. The proximal ends 234 of the optical 
fibers are optically connectable to the external instruments. The distal ends 236 

5 of the optical fibers optically communicate with the environment of the distal 

end zone 64 of the catheter shaft through optical windows 238 in the distal end 
zone 240 of the imaging shaft. Referring now to Fig. 9, the distal ends of the 
optical fibers are polished at an angle such that the optical beams 242 emitted 
therefrom are directed through the optical windows at an angle with respect to 

10 the longitudinal axis of the catheter shaft. An optical multiplexer optically 

connects the proximal ends of the optical fibers to the external instruments. 

In operation, the multiplexer selectively optically connects the external 
instruments to one or more of the optical fibers. The environment of the distal 
end zone of the imaging shaft is illuminated and optical radiation returning from 

1 5 the environment and incident upon the distal ends of the optical fibers is 

directed to the external instruments. The external instruments associate data 
derived from the optical radiation with the relative positions of the optical fibers 
to generate and display an image of the arterial wall or occlusion. The image 
may be in one, two, or three dimensions and is typically generated by an 

20 appropriately programmed general purpose computer which is interfaced with 

the optical instruments and the multiplexer. The image may be generated 
through any of a variety of techniques known in the art. U.S. Patents 
Nos. 5,321 ,501 and 5,459,570 are incorporated herein by reference for their 
teachings about the emission, modulation, direction, detection, and processing 

25 of optical radiation to characterize, measure, or image bodily tissues. 

With reference to Fig. 7 and also to Fig. 8, the above second exemplary 
embodiment includes a steering apparatus for guiding the imaging shaft and 
working element 100 within the artery. The steering apparatus comprises at 
least one pulling wire 156 disposed in the imaging shaft 230. The pulling wire 

30 has a proximal end 158 manipulable from the proximal end of the imaging shaft 

and a distal end 1 60 fixed to a portion of the distal end zone 1 62 of the imaging 
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shaft. The distal end of the pulling wire is fixed in the distal end zone of the 
imaging shaft at some radius from the longitudinal axis so that, when pulled, the 
wire urges or bends the distal end of the imaging shaft radially (i.e., deviating 
from the longitudinal axis of the imaging shaft). In operation, singly or in 
combination, the wire or wires are manipulated to steer the distal end of the 
imaging shaft. When positioned within the distal end zone of the catheter shaft, 
toe imaging shaftsteers the catheter shaft within the artery. To the extent to 
which the imaging shaft projects distally from the distal end of the catheter 
shaft, the imaging shaft itself is steerable within the artery with respect to the 
distal end of the catheter shaft* 

Again with reference to Fig. 6, the above second exemplary embodiment 
includes as its working element an occlusion crossing wire 102 disposed in a 
lumen of the imaging shaft 230. Referring now to Figs. 7 and 9, the crossing 
wire has a distal end 104 disposed in the distal end zone 240 of the imaging 
shaft 230. The distal end of the crossing wire is capable of projecting from the 
distal end of the intravascular catheter system to contact the occlusion. The 
proximal end 106 of the crossing wire is manipulable from the proximal end of 
the intravascular catheter system. In operation, pressure is applied to the 
proximal end of the crossing wire, urging the crossing wire into the occlusion to 
establish a pathway. 

In the treatment of an occlusion, the second exemplary embodiment of 
the intravascular catheter system is introduced and placed proximate the 
occlusion in the manner recited above for the first exemplary embodiment. The 
external instruments and optical multiplexer are activated. The occlusion is 
crossed under optical guidance in the manner recited above for the first 
exemplary embodiment. 

With reference to the second exemplary embodiment of the intravascular 
system, an alternate configuration is shown in Figs. 10 and 1 1. A plurality of 
optical fibers 232 are disposed annularly within the imaging shaft 230. The 
steering apparatus comprises at least one pulling wire 157 disposed in a lumen 
of the catheter shaft 50. The pulling wire has a proximal end 158 manipulable 
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from the proximal end of the catheter shaft and a distal end 160 fixed in the 
distal end zone 64 of the catheter shaft at some radius from the longitudinal axis 
thereof, so that, when pulled, the wire urges or bends the distal end of the 
catheter shaft radially (i.e., deviating from the longitudinal axis of the steering 

5 shaft). In operation, the pulling wire or wires are manipulated, singly or in 

combination, to steer the distal end or end zone of the catheter shaft within the 
artery and thus to steer the working element and imaging member. 

Referring now to Figs, 12 and 13, a third exemplary embodiment of the 
intravascular catheter system is shown in which the imaging member comprises 

10 a plurality of optical fibers 23 1 disposed annularly in lumina of the catheter 

shaft 50. The proximal ends 233 of the optical fibers are optically connectable : 
to the external instruments. The distal ends 235 of the optical fibers optically 
communicate with the environment of the distal end zone 64 of the catheter 
shaft. The distal ends of the optical fibers are preferably polished at an angle 

1 5 such that the optical beams 241 emitted therefrom are directed through the 

optical windows at an angle with respect to the longitudinal axis of the catheter 
shaft An optical multiplexer optically connects the proximal ends of the optical 
fibers to the external instruments. 

Continuing with reference to Figs. 12 and 1 3 and the third exemplary 

20 embodiment, in operation, the multiplexer selectively optically connects the 

external instruments to one or more of the optical fibers. The environment of 
the distal end zone of the imaging shaft is illuminated and optical radiation 
returning from the environment and incident upon the distal ends of the optical 
fibers is directed to the external instruments. The external instruments associate 

25 data derived from the optical radiation with the relative positions of the optical 

fibers to generate and display an image of the arterial wall or occlusion. The 
image may be in one, two, or three dimensions and is typically generated by an 
appropriately programmed general purpose computer which is interfaced with 
the optical instruments and the multiplexer. The image may be generated 

30 through any of a variety of techniques known in the art U.S. Patents 

Nos. 5,321,501 and 5,459,570 are incorporated herein by reference for their 
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teachings about the emission, modulation, direction, detection, and processing 
of optical radiation to characterize, measure, or image bodily tissues. 

Continuing with reference to Figs. 12 and 13, the third exemplary 
embodiment includes a steering apparatus for guiding the working element 100 

5 within the artery. The steering apparatus comprises an elongated, flexible, 

hollow steering shaft 250 disposed in a lumen of the catheter shaft 50. At least 
one pulling wire 252 is disposed in the steering shaft The pulling wire has a 
proximal end 258 manipulable from the proximal end of the steering shaft and a 
distal end 260 fixed to a portion of the distal end zone 262 of the steering shaft. 

10 The distal end of the pulling wire is fixed in the distal end zone of the steering 

shaft at some radius from the longitudinal axis so that, when pulled, the wire 
urges or bends the distal end of the steering shaft radially (i.e., deviating from 
the longitudinal axis of the steering shaft), in operation, singly or in 
combination, the wire or wires are manipulated to steer the distal end of the 

15 steering shaft. When positioned within the distal end zone of the catheter shaft, 

the steering shaft steers the catheter shaft within the artery. To the extent to 
which the steering shaft projects distally from the distal end of the catheter 
shaft, the steering shaft itself steers within the artery with respect to the distal 
end of the catheter shaft 

20 With reference to Fig. 1 3, the third exemplary embodiment includes as 

its working element an occlusion crossing wire 102 disposed in a lumen of the 
steering shaft 250. The crossing wire has a distal end 104 disposed in the distal 
end zone 262 of the steering shaft. The distal end of the crossing wire is 
capable of projection from the distal end of the intravascular catheter system to 

25 contact and cross the occlusion. The proximal end 1 06 of the crossing wire is 

manipulable from the proximal end of the intravascular catheter system. In 
operation, pressure is applied to the proximal end of the crossing wire, urging 
the crossing wire into the occlusion to establish a pathway. 

With reference to the third exemplary embodiment an alternative 

30 configuration is shown in Figs. 14, 15, and 16 wherein the steering apparatus 

comprises at least one pulling wire 157 disposed in a lumen of the catheter shaft 
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50. The pulling wire has a proximal end 1 58 manipulable from the proximal 
end of the catheter shaft and a distal end 1 60 fixed in the distal end zone 64 of 
the catheter shaft at some radius from the longitudinal axis thereof, so that, 
when pulled, the wire urges or bends the distal end of the catheter shaft radially 
(i.e., deviating from the longitudinal axis of the steering shaft). In operation, the 
pulling wire or wires are manipulated, singly or in combination, to steer the 
distal end or end zone of the catheter shaft within the artery and thus to steer the 
working element and imaging member. A plurality of optical fibers 231 are 
disposed annularly in lumina of the catheter shaft 50. The alternative 
configuration of Figs. 14, 15, and 16 comprises an occlusion crossing wire 102 
disposed in a lumen of the catheter shaft 50. 

Referring now to Fig. 1 7, a fourth exemplary embodiment of the 
intravascular catheter system is shown wherein the catheter shaft 50 includes a 
first lumen 302 with imaging shaft 304 disposed therein, a second lumen 306 
with steering shaft 308 disposed therein, and a third lumen 3 1 0 with working 
element 3 12 disposed therein. An inflatable balloon is preferably disposed on 
the external surface of the catheter shaft about the distal end zone thereof. The 
catheter shaft preferably comprises a balloon inflation lumen (not shown) 
communicating with the balloon and an irrigation lumen 314 terminating in an 
orifice on the external surface of the distal end zone of the catheter shaft distal 
to the balloon. 

Referring generally to Figs. 1-1 7, it will be appreciated that the steering 
apparatus may comprise a plurality of pulling wires and that the pulling wires 
may be disposed in the catheter shaft itself, in an imaging shaft, or, in a separate 
steering shaft disposed in a lumen of the catheter shaft. It is envisioned that the 
cooperation of the elements of the intravascular catheter system to achieve the 
objects of the invention may include many combinations of pulling on one or 
more pulling wires, rotating, advancing, or withdrawing the steering shaft, and 
rotating, advancing, or withdrawing the catheter shaft, imaging member, or 
working element. Where a steering shaft is 
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disposed in a lumen of the catheter shaft, it is contemplated that the steering 
shaft might be fixed within the lumen of the catheter shaft, or rotatably disposed 
therein, or slidably disposed therein; and that the steering shaft might be 
incorporated into the catheter shaft at assembly, or might instead be introduced 

5 later or even after the catheter shaft is placed in the patient. Finally, it will be 

seen that the steering apparatus may be disposed along with the optical fibers of 
the imaging member either in the imaging shaft or in the catheter shaft. 

With reference to the various embodiments of the intravascular catheter 
system, it will be appreciated that guidance of the working element may be 

I o facilitated by the display of various types of optically derived information about 

the environment of the distal end zone of the intravascular catheter system. For 
example, not only the shape and position of tissues, but also their texture, color, 
reflectivity, or other optically ascertainable physical or biological characteristics 
may aid the physician in selecting a path across the occlusion. It will also be 

1 5 appreciated that there are many ways of analyzing the raw optical data collected 

by the imaging member, some of them subtle and mathematically sophisticated. 
For example, modulation and filtering techniques characterized as spatial, 
temporal, phase, frequency, coherence, wavelengthdependent, or as relating to 
polarization, transmission mode, fluorescence, scattering, coefficient of total 

20 attenuation, or the like are disclosed in the relevant art U.S. Patents Nos. 

5,383,467 and 5,439,000 are incorporated herein by reference for their teachings 
relative to diagnostic techniques based on optical energy. In achieving its 
objects, the present invention is not intended to be construed as limited to any 
particular technique for image processing or display. 

25 Also with reference to the various embodiments of the intravascular 

catheter system, it will be appreciated that the imaging member may comprise 
not only optical fibers, but any suitable optical radiation directing path. It is 
further contemplated that where the imaging member comprises an imaging 
shaft, the imaging shaft may be disposed in a lumen of the catheter shaft fixedly, 

30 slidably, or rotatably; permanently or temporarily; before or after placement of 

the catheter shaft in the patient, as may be convenient. Furthermore, it is 
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contemplated that the imaging shaft may be disposed in a center lumen of the 
catheter shaft, or in a lumen not centrally located. 

Referring now to Figs. 1 8 and 19, a fifth exemplary embodiment of the 
intravascular catheter system is shown wherein the working element comprises 
a plurality of mechanically operable opening members 1 16 for urging apart or 
fracturing the tissues of an occlusion. Elongated flexible outer treatment shaft 
1 1 0 is disposed in a lumen 56 of the catheter shaft 50 and has a proximal end 
1 18, a distal end 122, and a lumen therebetween. Elongated flexible inner 
treatment shaft 112 is slidably disposed within a lumen of the outer treatment 
shaft, and has a proximal end 120, a distal end 124, and a lumen therebetween 
which accommodates a guidewire 1 14. The proximal end 1 18 of the outer 
treatment shaft and the proximal end 120 of the inner treatment shaft are 
mechanically manipulable from the proximal end of the catheter shaft. A grip 
126 is fixed to the proximal end of the outer treatment shaft. A plunger 128 is 
fixed to the proximal end of the inner treatment shaft. 

Continuing with reference to Fig. 17, a plurality of opening members 
1 16 are movably disposed at the distal ends of the inner and outer treatment 
shafts such that the opening members are movable in response to relative 
motion of the inner and outer treatment shafts. The opening members are 
capable of closing in a flush position about the guidewire such that the inner and 
outer treatment shafts and opening members can be introduced over the 
guidewire while the guidewire is within a lumen of the catheter shaft. In 
operation, the guidewire is advanced into contact with the occlusion. The 
opening members, in a closed position, are advanced over the guidewire into 
contact with the occlusion. Through manipulation of the grip and plunger, 
mechanical force is applied to the proximal ends of the inner and outer 
treatment shafts, urging the opening members apart. The opening members urge 
apart the tissues of the occlusion. 

With reference to the various embodiments of the intravascular catheter 
system as described above and as illustrated in Figs. 1-19, it will be appreciated 
that the term "working element" is intended to have broad construction and may 
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comprise, by way of example and not of limitation, any of the following: an 
occlusion crossing wire or trocar tip, a rotary cutting or abrasive nose cone, a 
balloon, a laser energy delivering device, an ultrasound energy delivering 
device, a heat delivering device, a blunt dissection device. The structural 

5 interrelations between the working element and the catheter shaft may vary 

depending on the nature of the working element, so long as effective guidance 
of the working element to establish a path across the occlusion is achievable. 
Moreover, where the working element comprises a discrete shaft, that shaft may 
be disposed in a center lumen of the catheter shaft or in a lumen not centrally 

10 located, and may be introduced therein either before or after placement of the 

catheter shaft in the 
patient 

While the foregoing detailed description has described several 
embodiments of the method in accordance with this invention, it is to be 
1 5 understood that the above description is illustrative only and not limiting of the 

disclosed invention. It will be appreciated that the embodiments discussed 
above and the virtually infinite embodiments that are not mentioned could easily 
be within the scope and spirit of this invention. Thus, the invention is to be 
limited only by the claims as set forth below. 
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CLAIMS 

What is claimed is: 

1 . An intravascular catheter system for treating a vascular 
occlusion, comprising: 

an elongated flexible catheter shaft having a proximal end, a 
distal end, a plurality of lumina therebetween, a proximal end zone, and a distal 
end zone; 

a steering apparatus for steering the distal end zone of the 

catheter shaft; 

an imaging member within the catheter shaft for acquiring an 
image of a vessel 

interior proximate the distal end of the catheter shaft; and 

a working element disposed in the distal end zone of the catheter 
shaft for treating 
the occlusion; 

whereby the working element is effectively manipulable and 
directable at a vascular occlusion while the occlusion is optically imaged. 

2. The intravascular catheter system of Claim 1 , wherein the 
catheter shaft comprises an outer surface, at least one lumen terminating in an 
orifice on the outer surface of the catheter shaft in the distal end zone thereof, 
and at least one balloon, disposed on the outer surface of the catheter shaft in the 
distal end zone thereof and communicating with the orifice, for stabilizing the 
distal end zone of the catheter shaft within a vessel 

3 . The intravascular catheter system of Claim 1 , wherein the 
steering apparatus comprises at least one elongated flexible steering shaft, 
disposed in a lumen of the catheter shaft, having a proximal end, having a distal 
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end having a distal end zone capable of advancement to the distal end zone of 
the catheter shaft, and having at least one pulling wire, the wire having a distal 
end fixed in the distal end zone of the steering shaft and a proximal end 
manipulable from the proximal end of the steering shaft. 

5 

4. The intravascular catheter system of Claim 1 , wherein the 
imaging member comprises at least one optical radiation directing path having a 
proximal end optically connectable to external instruments and a distal end 
optically communicating with an external environment of the distal end of the 

10 catheter shaft for optical illumination and imaging in the external environment 

of the distal end of the catheter shaft. 

5 . The intravascular catheter system of Claim 1 , wherein the 
working element comprises a plurality of opening members, each of which 

1 5 being projectable distally from the distal end of the catheter shaft and openable 

to urge apart tissues of an occlusion after being advanced into contact therewith. 

6. The intravascular catheter system of Claim 1 , wherein the 
steering apparatus comprises at least one pulling wire having a distal end 

20 disposed in the distal end zone of the catheter shaft and a proximal end 

manipulable from the proximal end of the catheter shaft, for steering the distal 
end of the catheter shaft. 

7. The intravascular catheter system of Claim 4, wherein the 
25 imaging member comprises: 

an elongated flexible imaging shaft, rotatably disposed within a 
lumen of the catheter shaft and being capable of advancement at least to the 
distal end zone thereof, having a proximal end, a distal end, a proximal end 
zone, a distal end zone, and at least one distal optical 
30 window in the distal end zone; 
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a hollow shaft motor and rotational encoder attached to the 
imaging shaft in the proximal end zone thereof for imparting rotation to and 
measuring rotation of the imaging shaft; and 

5 at least one optical fiber disposed within the imaging shaft, 

having a proximal end optically connectable to external instruments and a distal 
end terminating proximate the distal optical window of the imaging shaft, the 
distal end of the fiber being so disposed within the imaging shaft, and polished 
at such an angle with respect to the longitudinal axis of the fiber, as to direct an 
1 0 optical beam emitted therefrom through the distal optical window at an angle 

with respect to the longitudinal axis of the imaging shaft and at an azimuthal 
angle dependent upon the rotational position of the imaging shaft. 

8. The intravascular catheter system of Claim 4, wherein the 
1 5 imaging member 

comprises: 

an elongated flexible imaging shaft, having a proximal end, a 
distal end, a proximal end zone, a distal end zone having an outer surface, and at 
20 least one distal optical window in an outer surface of the distal end zone, the 

imaging shaft being disposed within a lumen of the catheter shaft and being 
capable of advancing at least to the distal end zone of the catheter shaft; 

a plurality of optical fibers disposed within the imaging shaft, 

25 each fiber having a 

proximal end optically connectable to external instruments and a distal end 
disposed in the distal end zone of the imaging shaft, the distal end of each 
optical fiber being so disposed within the imaging shaft, and polished at such an 
angle with respect to the fiber, as to direct an optical beam emitted therefrom 

30 through the distal optical window at an angle with respect to the longitudinal 

axis of the imaging shaft; and 
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an optical multiplexer optically connected to the proximal ends 
of the optical fibers for selectively optically connecting the proximal ends of the 
optical fibers to the external instruments. 

9. The intravascular catheter system of Claim 4, wherein the 
imaging member comprises: 

a plurality of optical fibers disposed within the catheter shaft, 
each fiber having a proximal end optically connectable to the external 
instruments and a distal end disposed in the distal end zone of the catheter shaft, 
the catheter shaft having at least one distal optical window in an outer surface of 
the distal end zone thereof, the distal end of each optical fiber being so disposed 
within the catheter shaft, and polished at such an angle, as to direct an optical 
beam emitted therefrom through the distal optical window at an angle with 
respect to the longitudinal axis of the catheter shaft, and at an azimuthal angle 
unique to each fiber, and 

an optical multiplexer optically connected to the proximal ends 
of the optical fibers for selectively optically connecting the proximal ends of the 
optical fibers to external instruments. 

1 0. The intravascular catheter system of Claim 5 wherein the 
working element comprises: 

an elongated flexible outer treatment shaft, introducible through 
a lumen in the catheter shaft from the proximal end zone thereof and capable of 
advancement to the distal end zone thereof, having a proximal end, a distal end, 
and at least one lumen therebetween; 

an elongated flexible inner treatment shaft disposed within a 
lumen of the outer 
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treatment shaft and extending substantially the length thereof, having a proximal 
end, a distal end, and at least one lumen therebetween for allowing the 
introduction of a guidewire therethrough or the introduction of the treatment 
shafts over a guidewire; 

a plurality of opening members, fixed to the distal ends of the 
inner and outer treatment shafts, introducible through a lumen in the catheter 
shaft from the proximal end thereof and slidable and rotatable over a guide wire 
disposed therein, capable of projecting distally from the distal end of the 
catheter shaft, closable in a flush position for introduction over a guidewire or 
through the lumen and openable to urge apart tissues of an occlusion after being 
advanced into contact therewith; 

an external plunger fixed to the inner treatment shaft near the 
proximal end thereof; and 

an external grip fixed to the outer treatment shaft near the 
proximal end thereof; 

whereby the opening members are moved as the plunger is 
advanced or retracted with respect to the grip; and 

whereby the working element is effectively directable and 
manipulable at the vascular occlusion while the occlusion is optically imaged. 

1 1 . The intravascular catheter system of Claim 1 , wherein the 
catheter shaft comprises: 

first, second, and third lumina between the proximal and distal 
ends of the catheter shaft; 

a steering apparatus disposed in the first lumen for steering the 
distal end zone of the catheter shaft; 
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an imaging member disposed in the second lumen for acquiring 
an image of the vessel interior proximate the distal end of the catheter shaft; and 

a working element disposed in the third lumen for treating the 

occlusion; 

whereby the working element is effectively manipulable and 
directable at the vascular occlusion while the occlusion is optically imaged. 

12. The intravascular catheter system of Claim 1 1, wherein the 
catheter shaft comprises an outer surface, at least one lumen terminating in a 
lateral orifice on an outer surface of the catheter shaft in the distal end zone 
thereof, and at least one balloon, disposed on an outer surface of the catheter 
shaft in the distal end zone thereof and communicating with the lateral orifice, 
for stabilizing the distal end zone of the catheter shaft within a vessel. 

13. The intravascular catheter system of Claim 12, wherein the 
catheter shaft comprises at least one lumen, terminating in an orifice on an outer 
surface of the catheter shaft distal to the balloon, establishing a fluid pathway 
for irrigating an environment of the distal end of the catheter shaft. 

1 4. The intravascular catheter system of Claim 7, wherein the 
catheter shaft comprises: 

an outer surface, at least one lumen terminating in a lateral 
orifice on an outer surface of the catheter shaft in the distal end zone thereof, at 
least one balloon disposed on an outer surface of the catheter shaft in the distal 
end zone thereof and communicating with the lateral orifice for stabilizing the 
distal end zone of the catheter shaft within an artery; and 
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at least one lumen, terminating in an orifice on an outer surface 
of the catheter shaft distal to the balloon, for irrigating the environment of the 
distal end of the catheter shaft. 

5 1 5. The intravascular catheter system of Claim 8 wherein the steering 

apparatus comprises at least one pulling wire, the wire having a distal end fixed 
in the distal end zone of the imaging shaft and a proximal end manipulable from 
the proximal end of the imaging shaft 

10 16. The intravascular catheter system of Claim 8 wherein the steering 

apparatus comprises at least one pulling wire having a distal end disposed in the 
distal end zone of the catheter shaft and a proximal end manipulable from the 
proximal end of the catheter shaft, for steering the distal end of the catheter 
shaft. 

15 

1 7. The intravascular catheter system of Claim 9 wherein the steering 
apparatus comprises at least one elongated flexible steering shaft, disposed in a 
lumen of the catheter shaft, having a proximal end, having a distal end having a 
distal end zone capable of advancement to the distal end zone of the catheter 

20 shaft, and having at least one pulling wire, the wire having a distal end fixed in 

the distal end zone of the steering shaft and a proximal end manipulable from 
the proximal end of the steering shaft 

1 8. The intravascular catheter system of Claim 9 wherein the steering 
25 apparatus comprises at least one pulling wire having a distal end disposed in the 

distal end zone of the catheter shaft and a proximal end manipulable from the 
proximal end of the catheter shaft, for steering the distal end of the catheter 
shaft. 

30 1 9. The intravascular catheter system of Claim 1 1 , wherein the 

working element comprises: 
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an elongated flexible outer treatment shaft, introducible through 
a lumen in the catheter shaft from the proximal end zone thereof and capable of 
advancement to the distal end zone thereof, having a proximal end, a distal end, 
5 and at least one lumen therebetween; 

an elongated flexible inner treatment shaft disposed within a 
lumen of the outer treatment shaft and extending substantially the length 
thereof, having a proximal end, a distal end, and at least one lumen 
10 therebetween for allowing the introduction of a guidewire therethrough or the 

introduction of the treatment shafts over a guidewire; 

a plurality of opening members, fixed to the distal ends of the 
inner and outer treatment shafts, introducible through a lumen in the catheter 
1 5 shaft from the proximal end thereof and slidable and rotatable over a guide wire 

disposed therein, capable of projecting distally from the distal end of the 
catheter shaft, closable in a flush position for introduction over a guidewire or 
through the lumen and openable to urge apart the tissues of an occlusion after 
being advanced into contact therewith; 

20 

an external plunger fixed to the inner treatment shaft near the 
proximal end thereof; and 

an external grip fixed to the outer treatment shaft near the 
25 proximal end thereof; 

whereby the opening members are moved as the plunger is 
advanced or retracted with respect to the grip; and 

30 whereby the working element is effectively directable and 

manipulable at the vascular occlusion while the occlusion is optically imaged. 
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20. The intravascular catheter system of Claim 1 9 wherein the 
catheter shaft comprises an outer surface, at least one lumen terminating in a 
lateral orifice on an outer surface of the catheter shaft in the distal end zone 
thereof, and at least one balloon, disposed on an outer surface of the catheter 
shaft in the distal end zone thereof and communicating with the lateral orifice, 
for stabilizing the distal end zone of the catheter shaft within a vessel. 

2 1 . The intravascular catheter system of Claim 1 9 wherein the 
catheter shaft comprises at least one lumen, terminating in an orifice on an outer 
surface of the distal end of the catheter shaft, for irrigating the environment of 
the distal end of the catheter shaft. 

22. The intravascular catheter system of Claim 20 wherein the 
catheter shaft comprises at least one lumen, terminating in an orifice on an outer 
surface of the catheter shaft distal to the balloon, for irrigating the environment 
of the distal end of the catheter shaft 

23 . The intravascular catheter system of Claim 8 wherein the catheter 
shaft comprises: 

an outer surface, at least one lumen terminating in a lateral 
orifice on an outer surface of the catheter shaft in the distal end zone thereof, at 
least one balloon disposed on an outer surface of the catheter shaft in the distal 
end zone thereof and communicating with the lateral orifice for stabilizing the 
distal end zone of the catheter shaft within an artery; and 

at least one lumen, terminating in an orifice on an outer surface 
of the catheter shaft distal to the balloon, for irrigating the environment of the 
distal end of the catheter shaft. 
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24. The intravascular catheter system of Claim 9 wherein the catheter 
shaft comprises: 

an outer surface, at least one lumen terminating in a lateral 
orifice on an outer surface of the catheter shaft in the distal end zone thereof, at 
least one balloon disposed on an outer surface of the catheter shaft in the distal 
end zone thereof and communicating with the lateral orifice for stabilizing the 
distal end zone of the catheter shaft within an artery; and 

at least one lumen, terminating in an orifice on an outer surface 
of the catheter shaft distal to the balloon, for irrigating the environment of the 
distal end of the catheter shaft 

25. The intravascular catheter system of Claim 10 wherein the 
catheter shaft comprises: 

an outer surface, at least one lumen terminating in a lateral 
orifice on an outer surface of the catheter shaft in the distal end zone thereof, at 
least one balloon disposed on an outer surface of the catheter shaft in the distal 
end zone thereof and communicating with the lateral orifice for stabilizing the 
distal end zone of the catheter shaft within an artery; and 

at least one lumen, terminating in an orifice on an outer surface 
of the catheter shaft distal to the balloon, for irrigating the environment of the 
distal end of the catheter shaft. 

26. The intravascular catheter system of Claim 1 5 wherein the 
working element comprises: 

an elongated flexible outer treatment shaft, introducible through 
a lumen in the catheter shaft from the proximal end zone thereof and capable of 
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25 



advancement to the distal end zone thereof, having a proximal end, a distal end, 
and at least one lumen therebetween; 

an elongated flexible inner treatment shaft disposed within a 
lumen of the outer 

treatment shaft and extending substantially the length thereof, having a proximal 
end, a distal end, and at least one lumen therebetween for allowing the 
introduction of a guidewire therethrough or the introduction of the treatment 
shafts over a guidewire; 



a plurality of opening members, fixed to the distal ends of the 
inner and outer 

treatment shafts, introducible through a lumen in the catheter shaft from the 
proximal end thereof and slidable and rotatable over a guidewire disposed 
15 therein, capable of projecting distally from the distal end of the catheter shaft, 

closable in a flush position for introduction over a guidewire or through the 
lumen and openable to urge apart the tissues of an occlusion after being 
advanced into contact therewith; 

20 an external plunger fixed to the inner treatment shaft near the 

proximal end thereof; and 

an external grip fixed to the outer treatment shaft near the 
proximal end thereof ; 



whereby the opening members are moved as the plunger is 
advanced or retracted with respect to the grip; and 



whereby the working element is effectively directable and 
30 manipuiable at the vascular occlusion while the occlusion is optically imaged. 

27. The intravascular catheter system of Claim 1 6 wherein the 
working element comprises: 

-34- 



SUBSTITUTE SHEET (RULE 26) 



WO 99/40853 



PCT/US98/02672 



an elongated flexible outer treatment shaft, introducible through 

a lumen in the 

catheter shaft from the proximal end zone thereof and capable of advancement 
to the distal end zone thereof, having a proximal end, a distal end, and at least 
one lumen therebetween; 

an elongated flexible inner treatment shaft disposed within a 
lumen of the outer treatment shaft and extending substantially the length 
thereof, having a proximal end, a distal end, and at least one lumen 
therebetween for allowing the introduction of a guidewire therethrough or the 
introduction of the treatment shafts over a guidewire; 

a plurality of opening members, fixed to the distal ends of the 
inner and outer treatment shafts, introducible through a lumen in the catheter 
shaft from the proximal end thereof and slidable and rotatable over a guide wire 
disposed therein, capable of projecting distally from the distal end of the 
catheter shaft, closable in a flush position for introduction over a guidewire or 
through the lumen and openable to urge apart the tissues of an occlusion after 
being advanced into contact therewith; 

an external plunger fixed to the inner treatment shaft near the 
proximal end thereof; and 

an external grip fixed to the outer treatment shaft near the 
proximal end thereof; 

whereby the opening members are moved as the plunger is 
advanced or retracted with respect to the grip; and 

whereby the working element is effectively directable and 
manipulable at the vascular occlusion while the occlusion is optically imaged 
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28. The intravascular catheter system of Claim 17 wherein the 
working element comprises: 

an elongated flexible outer treatment shaft, introducible through 
a lumen in the catheter shaft from the proximal end zone thereof and capable of 
advancement to the distal end zone thereof, having a proximal end, a distal end, 
and at least one lumen therebetween; 

an elongated flexible inner treatment shaft disposed within a 
lumen of the outer treatment shaft and extending substantially the length 
thereof, having a proximal end, a distal end, and at least one lumen 
therebetween for allowing the introduction of a guidewire therethrough or the 
introduction of the treatment shafts over a guidewire; 

a plurality of opening members, fixed to the distal ends of the 
inner and outer treatment shafts, introducible through a lumen in the catheter 
shaft from the proximal end thereof and slidable and rotatable over a guidewire 
disposed therein, capable of projecting distally from the distal end of the 
catheter shaft, closable in a flush position for introduction over a guidewire or 
through the lumen and openable to urge apart the tissues of an occlusion after 
being advanced into contact therewith; 

an external plunger fixed to the inner treatment shaft near the 
proximal end thereof; and 

an external grip fixed to the outer treatment shaft near the 
proximal end thereof; 

whereby the opening members are moved as the plunger is 
advanced or retracted with respect to the grip; and 

whereby the working element is effectively directabie and 
manipulable at the vascular occlusion while the occlusion is optically imaged. 
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29. The intravascular catheter system of Claim 1 8 wherein the 
working element comprises: 

an elongated flexible outer treatment shaft, introducible through 

a lumen in the 

catheter shaft from the proximal end zone thereof and capable of advancement 
to the distal end zone thereof, having a proximal end, a distal end, and at least 
one lumen therebetween; 

an elongated flexible inner treatment shaft disposed within a 
lumen of the outer treatment shaft and extending substantially the length 
thereof, having a proximal end, a distal end, and at least one lumen 
therebetween for allowing the introduction of a guidewire therethrough or the 
introduction of the treatment shafts over a guidewire; 

a plurality of opening members, fixed to the distal ends of the 
inner and outer treatment shafts, introducible through a lumen in the catheter 
shaft from the proximal end thereof and slidable and rotatable over a guidewire 
disposed therein, capable of projecting distally from the distal end of the 
catheter shaft, closable in a flush position for introduction over a guidewire or 
through the lumen and openable to urge apart the tissues of an occlusion after 
being advanced into contact therewith; 

an external plunger fixed to the inner treatment shaft near the 
proximal end thereof; and 

an external grip fixed to the outer treatment shaft near the 
proximal end thereof; 

whereby the opening members are moved as the plunger is 
advanced or retracted with respect to the grip; and 
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whereby the working element is effectively directable and 
manipulable at the vascular occlusion while the occlusion is optically imaged. 

30. The intravascular catheter system of Claim 7 wherein the 
working element comprises an occlusion crossing wire having distal end 
introducible via the proximal end of the intravascular catheter system and 
capable of projecting distally from the distal end thereof, and a proximal end 
manipulable from the proximal end zone of the intravascular catheter system. 

3 1 . The intravascular catheter system of Claim 8 wherein the 
working element comprises an occlusion crossing wire having distal end 
introducible via the proximal end of the intravascular catheter system and 
capable of projecting distally from the distal end thereof, and a proximal end 
manipulable from the proximal end zone of the intravascular catheter system. 

32. The intravascular catheter system of Claim 9 wherein the 
working element comprises an occlusion crossing wire having distal end 
introducible via the proximal end of the intravascular catheter system and 
capable of projecting distally from the distal end thereof, and a proximal end 
manipulable from the proximal end zone of the intravascular catheter system. 

33. The intravascular catheter system of Claim 1 wherein the 
working element comprises an occlusion crossing wire having distal end 
introducible via the proximal end of the intravascular catheter system and 
capable of projecting distally from the distal end thereof, and a proximal end 
manipulable from the proximal end zone of the intravascular catheter system. 

34. The intravascular catheter system of Claim 1 1 wherein the 
working element comprises an occlusion crossing wire having distal end 
introducible via the proximal end of the intravascular catheter system and 
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capable of projecting distally from the distal end thereof, and a proximal end 
manipulable from the proximal end zone of the intravascular catheter system; 

the catheter shaft comprises an outer surface, at least one lumen 
terminating in a lateral orifice on an outer surface of the catheter shaft in the 
distal end zone thereof, and at least one balloon, disposed on an outer surface of 
the catheter shaft in the distal end zone thereof and communicating with the 
lateral orifice, for stabilizing the distal end zone of the catheter shaft within a 
vessel; and 



10 



the catheter shaft further comprises at least one lumen, 
terminating in an orifice 

on an outer surface of the distal end zone of the catheter shaft distal to the 
balloon, for irrigating the environment of the distal end zone of the catheter 
15 shaft. 
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